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Abstract

A study of the laser-plasma interaction processes in multiple-ion species plasmas has been per-
formed in plasmas that are created to emulate the plasma conditions in indirect drive inertial
confinement fusion targets. Gas-filled hohlraums with with densities of xe22/cc are heated to
Te=3keV and backscattered laser light is measured by a suite of absolutely calibrated backscatter
diagnostics. Ion Landau damping is increased by adding hydrogen to the CO2/CF4 gas fill. We find
that the backscatter from stimulated Brillouin scattering is reduced is monotonically reduced with
increasing damping, demonstrating that Landau damping is the controlling damping mechanism
in ICF relevant high-electron temperature plasmas. The reduction in backscatter is accompa-
nied by a comparable increase in both transmission of a probe beam and an increased hohlraum
radiation temperature, showing that multiple-ion species plasmas improve the overall hohlraum
energetics/performance. Comparison of the experimental data to linear gain calculations as well
as detailed full-scale 3D laser-plasma interaction simulations show quantitative agreement. Our
findings confirm the importance of Landau damping in controlling backscatter from high-electron
temperature hohlraum plasmas and have lead to the inclusion of multi-ion species plasmas in the

hohlraum point design for upcoming ignition campaigns at the National Ignition Facility.
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I. INTRODUCTION

In the indirect-drive approach to Inertial Confinement Fusion [? | (ICF) a deuterium-
tritium filled fusion capsule is compressed by the ablation pressure from soft x-rays inside
a laser heated radiation cavity (hohlraum). With the National Ignition Facility (NIF) [? |
nearing completion, 192 laser beams with a total UV energy of > 1 MJ will be available to
heat cm-scale hohlraums to radiation temperatures of 270-300 eV. To reach these required
radiation temperatures, the laser beams have to efficiently propagate over a length of 3-7
millimeter through underdense plasma at electron temperatures of 7, = 2.5 — 5keV before
depositing their energy into the hohlraum wall [? |. Stimulated scattering processes in
both the high-Z blow-off plasma from the hohlraum wall and the low-Z gas-fill plasma can
backscatter the laser light by parametric laser-plasma instabilities, i.e. Stimulated Brillouin
Scattering (SBS) and Stimulated Raman Scattering (SRS). These processes strongly depend
on laser and plasma conditions; the latter need to be taylored to optimize soft x-ray drive
and radiation symmetry required to compress the fusion fuel to ignition conditions.

Recent studies have focused on the importance of reducing peak laser beam speckle
intensities by employing Continuous Phase Plates (CPP) [? ? ] and advanced beam
smoothing techniques such as Polarization Smoothing (PS) and Smoothing by Spectral
Dispersion (SSD) [? ? ? ? ]. These techniques have been shown to result in improved
coupling into gas filled hohlraums [? ? | and cryogenic gas bag targets [? |.

An important plasma parameter in controlling laser-plasma interactions is plasma wave
damping. At the high electron temperature laser heated plasma conditions, typical in ICF
targets, ion Landau damping in single-ion species plasmas is negligible. Landau damping
due to electrons is small and of the order of 0.01, due to the large mass difference between
electrons and ions. However, in multiple ion species plasmas, the number of charged particles
close to the phase velocity of the SBS driven fast ion-acoustic mode is greatly enhanced
effectively providing Landau damping.

A long-standing problem in the field of laser-plasma interactions is a successful demon-
stration that multiple-ion species plasmas lead to reduced backscattering at ICF hohlraum
conditions. Although the effect of two-ion species plasmas on Landau damping has been
directly observed with Thomson scattering [? 7 |, previous laser-plasma interaction experi-

ments have not observed the expected reduction of SBS reflectivity with increased Landau



damping. In addition, the experiments showed that SRS strongly increased reaching levels
of more than 20% [? ? ? ]. These experiments have been performed with a limited set
of beam smoothing options or in low temperature plasmas where laser beam filamentation
exceeds the growth threshold.

In this letter, we demonstrate for the first time that laser backscattering processes
are strongly suppressed in multiple-ion species plasmas that approach ignition conditions.
Adding hydrogen to a hohlraum filled with CO; is shown to reduce SBS reflected energy
from 20% to the percent level. This is accompanied by a simultaneous increase of the trans-
mitted energy of an axial interaction laser beam and increased radiation temperature of
the hohlraum. These experiments were performed in high electron temperature hohlraums
that have been heated employing beam smoothing (CPP and PS), thus avoiding laser beam
filamentation. The measured scaling of SBS with increasing Landau damping agrees with
linear gain calculations. Full scale 3D laser-plasma interaction simulations reproduce these
findings and further indicate that SBS can be efficiently controlled by employing multiple-ion

species plasmas on future ICF experiments on the NIF.

II. EXPERIMENT
A. High Electron-Temperature Targets

Figure 1 shows a schematic of the experimental configuration. The experiments were per-
formed at the Omega laser facility at the Laboratory for Laser Energetics (LLE), Rochester
[? ]. Cylindrically shaped gold hohlraums (2 mm length, 1.6 mm diameter) were filled with
~1 atm of CO,. The fill pressure was chosen to yield an electron density of 0.06 - 1.
where ngi.. ~ 10*22cm ™2 is the critical density up to which light of wavelength A = 351 nm
can propagate. Hydrogen was added to this gas fill as a light ion species by adding a small
amount of up to 13 % of propane (C3Hg) and adjusting the total fill pressure to maintain
the electron density constant.

The hohlraum targets were heated by 33 (351 nm) heater beams to radiation temperatures
of 235 eV as measured by the absolutely calibrated soft x-ray DANTE detector. The heater
beams enter the hohlraum through 2 laser entrance holes (LEH) of 800 pm diameter on

either side of the hohlraum. The LEH are covered with 0.25 pum thick polyimide windows to
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FIG. 1: Schematic of the experimental setup. The cylindrical hohlraum is heated by 33 heater
beams with 14.3 kJ of energy in a 1 ns long square pulse. The backscattered light from one of
the heater beams and an on-axis probe beam is measured by FABS and NBI (see text) and the

transmitted laser energy by TBD. The hohlraum radiation temperature is measured by DANTE.

hold the gas fill. The beams are arranged in 3 cones with entrance angles of 20, 42 and 60
degrees to the hohlraum axis. In this study we have employed phase plates and polarization
smoothing on all heater beams. The 200 x 300 um elliptical focal spots have been oriented
such that the projection onto the LEH was close to circular. Polarization smoothing using
Distributed Phase Rotators was employed to reduce peak intensities from speckles in the

focal intensity distribution.
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FIG. 2: Electron density and temperature profiles along the on-axis and the heater interaction
probe beam, as obtained from radiation hydrodynamic calculations using HYDRA. The electron

temperatures of 3keV agree with Thomson scattering measurements.

Typical laser energies of 435 J per heater beam result in an intensity of 9 x 10* W /cm?
at the hohlraum wall, well below the threshold intensity for filamentation ([? ? |) Linesn. X
T,/ne ~ 1.7 x 10 W/cm? for our conditions. The hohlraum target platform has been
extensively studied in earlier experiments (see e.g. [? ]). Using Thomson scattering the
electron temperature has been measured to reach peak values of 3.5 keV. This is in good
agreement with 2-D radiation-hydrodynamic simulations using the code HYDRA [? |, see

fig. 2. These show a homogenous electron density distribution along the center axis of the
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hohlraum. For the heater beam the electron density rapidly however rises rapidly towards
the hohlraum wall.

In addition to the heater beams, an axial laser-plasma interaction probe beam of 351 nm
wavelength was propagated along the cylinder axis. A continuous phase plate was used to
achieve a focal spot size of 250 um at the center of the hohlraum. The probe beam was
delayed by 0.3 ns with respect to the heater beams. The intensity of the probe beam was
varied between 3.6 x 10! and 1.2 x 10 W/cm? by varying the total energy of the 1 ns long
square pulse between 140-480 J.

The backscattered light from the axial probe beam and from one of the heater beams is
measured by the Full Aperture Backscatter Station (FABS) and the Near Backscatter Imager
(NBI) while the Transmitted Beam Diagnostic (TBD) measures the transmitted laser light
of the on-axis probe beam. The FABS measures the light backscattered into the final focus-
ing lens aperture by down-collimating the reflection off the front surface of a full-aperture
uncoated glass wedge in the beamline onto a diagnostics table. Time-resolved spectra are
recorded by two streaked spectrometers covering the wavelength range of (351 + 3)nm for
SBS and 450-700 nm for SRS. The total backscattered energy in either of those spectral
ranges is measured by calorimeters. The energy response had been calibrated by propagat-
ing a known beam energy from the target chamber center directly into the instrument. We
estimate the absolute uncertainty in the energy measured by the FABS to +5%.

Near-backscattered light outside the FABS aperture is measured by the NBI. This light is
diffusely scattered from spectralon coated Aluminum plates surrounding the lens apertures
and is imaged onto two CCD cameras, spectrally filtered for the SBS and SRS wavelength
range. The response of the NBI is calibrated in both wavelength regimes by locally illumi-
nating the scatter plate with individual laser pulses of known energy (mJ) at wavelengths of
355 nm and 532 nm. The total backscattered energy on the NBI plate is determined from
the CCD image with an uncertainty of +10%. In these experiments the energy measured
with the NBI was small and of the order of a few percent of the energy measured in FABS,

consistent with filamentation being negligible in these experiments.
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FIG. 3: Calibration map optained from the NBI pulsed calibration system (left) and typical NBI
data (right). In the image shown the energy on the NBI was 28 J (i.e. 0.25x the energy measured
by FABS) for the heater probe beam and 15 J (i.e. 0.15x FABS) for the on-axis probe beam.
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FIG. 4: Streaked spectra of the backscattered light from the axial interaction probe beam. The
hydrogen fraction ri and the backscattered and transmitted energies are denoted in the images.
The probe beam intensity in these shots was I = 3.6 x 10¥W/cm?2. The images are corrected
for differences in neutral-density filtering from shot to shot. The lineouts shows the fraction of

scattered SBS power.

III. RESULTS AND DISCUSSION
A. On-axis interaction probe beam results

Figure 4 shows time-resolved spectra from the FABS SBS channel backscattered from
the probe beam at an intensity of 3.6 x 10'* W/cm?. The hydrogen fraction in these shots
increases from rg = 0, 0.04, 0.08 to 0.35. The data clearly shows the backscatter from
SBS being reduced with increasing hydrogen fraction. The total backscattered energy as
measured by the FABS was reduced by more than a factor of 6 from 18% to 2.6%. Si-
multaneously, the total transmitted energy of the probe beam increases by approximatly

the same amount such that the sum of SBS backscattered and transmitted beam energy



remains roughly constant in the range of 70-80 %. The spectra show a spectrally narrow
feature red-shifted by ~ 0.8 nm from the incident laser wavelength, indicating that SBS
is driven in the bulk of the plasma at temperatures of ~ 3keV. The reflectivity ceases at
t ~ 1ns although the probe pulse extends up to t = 1.3ns, due to a rapid rise of the ion

temperature on-axis when plasma from the hohlraum wall blow-off coalesces on-axis [? |.
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FIG. 5: Instantaneous SBS reflectivities at ¢ = 0.7 ns for interaction beam intensities of 3.6, 5.5

and 8.8 x 10 W/cm?. Also shown are the Landau damping values increasing from 0.006 to 0.13.

Also shown in Fig. 4 is the time history of the SBS reflected power showing that adding
hydrogen to the gas fill the reflected power is reduced throughout the entire duration of the
pulse. However, while at later times (> 0.5ns) the effect of the increased Landau damping
is strong, at early times (0.3-0.5 ns) the reflectivity is less affected. At this early time the
electron temperature is below 2 keV and the SBS instability is strongly driven.

Figure 5 shows the instantaneous SBS reflectivity for varying rg at ¢t = 0.7ns. At this
time the plasma electron temperature has increased to T, = 3keV [? | so the plasma is
in the high electron temperature regime where Landau damping is important in controlling
SBS. The ion temperature is T} ~ 400 eV. For the probe beam intensity of 3.6 x 104 W /cm?
the reflected power is gradually reduced from 30 % to the percent level when increasing the
hydrogen fraction to rg = 0.35, i.e. when increasing Landau damping from vy, /w, = 0.006
to v, /w, = 0.025. For higher probe beam intensities the reflectivity is reduced if higher
hydrogen fractions are employed, indicating strong saturation of the SBS instability, e.g., by

pump depletion. The error bars are mainly due to the uncertainty in the relative timing of
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about 100 ps. We note that in all cases the level of SRS backscattered light was below the
instrumental detection threshold, i.e. below ~ 107%.

The reduction of SBS reflectivity with increasing Landau damping is well reproduced
by linear gain calculations using plasma parameters obtained from radiation hydrodynamic
simulations. For the experimental conditions (laser light distribution inside the hohlraum
and gas fill), electron and ion temperatures, densities and flow velocities are obtained from
HYDRA calculations and subsequently post-processed with the Laser Interaction Post-
Processor LIP [? ? | to calculate temporally and spectrally resolved linear gains for SBS
along the path of the probe beam. Fig. 6 shows a comparison of streaked spectra with the
results from LIP gain calculations. The good agreement demonstrates the accuracy of 2D
hydro simulations.

On-axis beam, 6% . Heater beam, 6% . Heater beam, 10%

Experiment

time /ns

LIP gain

0.5
wavelength /nm wavelength /nm wavelength /nm

FIG. 6: Comparison of measured streaked spectra with linear gain calculations (LIP). The spectral-

temporal evolution reflects the hydrodynamic evolution of the hohlraum plasma.

Figure 7 shows the scaling of the SBS reflectivity at ¢ = 0.7ns as a function of the
calculated LIP gain values. These data demonstrate that the backscattered intensity grows
exponentially with gain at high-temperature hohlraum conditions. A more quantitative
prediction of SBS has been obtained from the 3D laser-plasma interaction code pF3D [? |.
These integrated calculations use realistic beams including micrometre-scale speckles. This
is important as speckles play a crucial role in triggering SBS thus lowering the experimental
threshold for the onset of SBS. Also pump depletion and ponderomotive effects are included.
The simulated reflectivities are well within the errors of our measurement and reproduce
the effect of SBS being reduced by increased Landau damping while maintaining low SRS

reflectivities.
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FIG. 7: Scaling of SBS reflectivity (@0.7ns) with LIP gains (I = 3.6 x 10 W /cm?) shows an
exponential growth of backscattered light with the linear gain. Full scale LPI calculations using

the code pF3D agree with the observed reflectivities and confirm the trend of reduced backscatter

due to increased damping.
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FIG. 8: Instantaneous reflectivity for t = 0.6 — —0.8ns for different probe beam intensities (3.6, 5.5,
8.8x10* W /cm? at rg = 0.35. The reflectivity decrease in time matches with the gain dropping

due to increasing Landau damping as the ion temperature rises.
B. Heater probe beam results

Besides the on-axis interaction beam, one of the heater beams was equipped with a full

backscatter diagnostics (FABS and NBI). This beam enters the LEH at 20 degrees to the
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FIG. 9: Intensity threshold for the onset of SRS for ne varying from 6 to 11 %.

cylinder axis and propagates through the hohlraum center until it reaches the hohlraum
wall. The heater beam intensity inside the hohlraum is &~ 9 x 10** W/cm?. As it propagates
through the hohlraum it encounters mostly the same plasma conditions as the on-axis probe
beam, however, towards the hohlraum wall the density rapidly increases. Consequently
SRS gains are higher than for the on-axis interaction beam and the backscattered light
has a non-negligible SRS component. SBS and SRS backscattered energies are shown in
Fig. 10 for increasing ry, and for two different electron densities (ne/neit. = 0.06 and 0.1,
respectively). We find the same quantitative dependence on Landau damping as for the
on-axis probe beam. With increasing hydrogen fraction the SBS backscatter drops from
almost 30% to 8%. The SRS backreflected energy is < 2% while SBS is strong and increases
slightly to 4-7% as SBS is suppressed to below 10%. This might be explained by a certain
amount of intensity competion between the two instabilities. As the SRS occurs in the
higher densities towards the hohlraum wall strong SBS backscatter in the hohlraum reduces
the beam intensity towards the hohlraum wall and lowers the SRS gain. As the SBS is
suppressed by the increasing Landau damping when adding hydrogen, the intensity remains
high until close to the wall and SRS can grow.

This interpretation is supported by measurements of heater beam filamentation and de-
flection with the NBI. For gas fills with no hydrogen content (i.e. high SBS backscatter
from the gas) the backscatter is symmetric around the beam port. When SBS is supressed

by increased Landau damping the backscattered beam is deflected, indicating non-linear
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processes of the light at the high electron densities closer to the hohlraum wall. Note that
in these cases the energy scattered onto the NBI plates amounted up to &~ 2/3 of the total
backscattered energy, i.e. 2x the energy measured by the FABS.
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FIG. 10: Time integrated SBS and SRS reflectivity of the heater probe beam (intensity 9el4
W/cm2). While SBS drops form ;30% to 10% SRS only grows slightly staying below 10%. For

the larger electron density (ne/ncrit.=10%) larger damping is required to affect the reflectivities.

High heater beam transmission is essential for efficient deposition of the heater beam
energy into the hohlraum wall. As the heater beam backscatter is reduced the intensity in
the gold blow-oft from the hohlraum wall reaches high levels such that SBS from the slow
mode in the gold plasma can grow. Fig. 11 shows streaked SBS spectra from the heater
beam. The hydrogen fraction was rg = 2.8 so SBS from the gas was strongly damped. As
the SBS from the gas fill ceases after 0.5 ns (i.e. when the electron temperature approaches
3 keV) a narrow feature, shifted by 0.2 nm is observed. This can be attributed to SBS
from the slow acoustic mode from the gold plasma. At NIF the outer beams can reach
high levels of SBS from this gold plasma. Efficient control of the source of SBS is therefore
important. This will be achieved by employing multiple-ion species plasmas. Full-scale
laser-plasma interaction calculations using the code pF3D [? | have shown that SBS on
the outer beams from gold can be suppressed to negligible levels when the hohlraum wall is
lined with a gold-boron layer. In our experiments we confirm the effect of adding boron to
the gold hohlraum wall. Hohlraum targets with a 150 nm thick layer that contained 20%

boron with the gold were shot to compare heater beam backscatter with that from pure gold
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hohlraums. As shown in fig. 11 the feature from SBS in gold is efficiently suppressed in
the AuB-lined hohlraum. Again, this demonstrates the effectiveness of controlling SBS by

increasing Landau damping using multiple-ion species plasmas.

Au hohlraum AuB liner

U ot " wavengnom

FIG. 11: Fig. x: Streaked SBS spectrum from the backscattered light of the heater beam hitting
the hohlraum wall. The strongly shifted feature from the Carbon-like acoustic mode is strongly
damped as the electron temperature rises to 3 keV ( 0.5 ns). At this time the intensity at the
hohlraum increases and SBS from the Au hohlraum wall blow-off plasma is observed. A 150 nm

thick liner with 20% at of B efficiently suppresses this Au-feature.

C. Hohlraum energetics

The results from the backscatter measurement of the heater beam have shown a strong
reduction of the total backscattered energy. This is due to the efficient suppression of SBS
that strongly outweighs the slight increase in SRS. The increased amount of laser energy
deposited into the hohlraum wall has a measurable effect on the hohlraum energetics. As the
hydrogen fraction was raised the hohlraum radiation temperature was measured to increase
from 231 eV to 236 €V in a ne/neie. = 0.06 gas fill and from 226 to 232 eV (ne/neis. = 0.1).
The

Backscatter from heater beams of the outer cones was accounted for based on results
from previous experiments [? |. The total backscattered heater energy is estimated to be
reduced by 8 % (i.e. from 12% to 4%) when increasing rg. Using a scaling of the peak
radiation temperature Trap based on a flux balance model [? | the observed ATgap = 4eV
corresponds to an increase in heater energy of 7 % which is in good agreement with the

observed change in backscatter.
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FIG. 12: Fig. x: The increase in peak radiation temperature is correlated to the decrease in
backscatter from the heater beams. Predictions from a flux balance model (see text) using the

measured amount of backscatter agree quantitatively with the observed ATgRap.
IV. SUMMARY AND OUTLOOK

In summary, we have shown that the increasing ion Landau damping in multi-species
plasmas strongly suppresses SBS in a high-electron temperature hohlraum plasma. By
adding a low-mass ion species (hydrogen) to a COs hohlraum gas fill, the SBS reflected
power was reduced from > 30% to below 1%. The reduction in the total backscattered
energy leads to an increased transmission. The suppression of laser backscatter results in an
increase of the hohlraum radiation temperature indicating improved coupling of the heater
beams. These observations have affected the choice of hohlraum materials and motivated
the use of multiple-ion species plasmas for future indirect drive ignition experiments on the
NIF. Laser-plasma interaction simulations using pF3D have shown that backscatter from
SBS will be suppressed using multiple-ion species plasmas in the hohlraum gas fill and wall

blow-off plasma.
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